Volatile compounds produced by plant-associated microorganisms represent a diverse resource 16 to promote plant growth and health. Here we investigated the effect of volatiles from root-17 associated Microbacterium species on plant growth and development. Volatiles of eight strains 18 induced significant increases in shoot and root biomass of Arabidopsis, but differed in their 19 effects on root architecture. Microbacterium strain EC8 also enhanced root and shoot biomass 20 of lettuce and tomato. Biomass increases were also observed for plants exposed only shortly to 21 volatiles from EC8 prior to transplantation of the seedlings to soil. These results indicate that 22 volatiles from EC8 can prime plants for growth promotion without direct and prolonged contact. 23 We further showed that the induction of plant growth promotion is tissue specific: exposure of 24 roots to volatiles from EC8 led to an increase in plant biomass whereas shoot exposure resulted 25 in no or less growth promotion. GC-QTOF analysis revealed that EC8 produces a wide array 26 of sulfur containing compounds as well as ketones. Bioassays with synthetic sulfur volatile 27 compounds revealed that the plant growth response to dimethyl trisulfide was concentration-28 dependent with a significant increase in shoot weight at 1 µM and negative effects on plant 29 biomass at concentrations higher than 1 mM. Genome-wide transcriptome analysis of volatile-30 exposed Arabidopsis seedlings showed up-regulation of genes involved in assimilation and 31 transport of sulfate and nitrate. Collectively, these results show that root-associated 32 Microbacterium primes plants, via the roots, for growth promotion most likely via modulation 33 of sulfur and nitrogen metabolism. 34 35 Importance 36 In the past decade, various studies have described the effects of microbial volatiles on other 37 (micro)organisms in vitro, but their broad-spectrum activity in vivo and the mechanisms 38 underlying volatile-mediated plant growth promotion have not been addressed in detail. Here, 39 on September 12, 2018 by guest http://aem.asm.org/ Downloaded from 3 we revealed that volatiles from root-associated bacteria of the genus Microbacterium can 40 enhance growth of different plant species and can prime plants for growth promotion without 41 direct and prolonged contact between the bacterium and the plant. Collectively, these results 42 provide new opportunities for sustainable agriculture and horticulture by exposing roots of 43 plants only briefly to a specific blend of microbial volatile compounds prior to transplantation 44 of the seedlings to the greenhouse or field. This strategy has no need for large-scale 45 introduction, root colonization and survival of the microbial inoculant.
Introduction
3 days at 21°C. Cells were obtained from agar plate and mixed with buffer. Cell density was 126 measured and adjusted to OD600 = 1 (~10 9 cfu ml -1 ). each containing 50 ml of sodium hypochlorite solution were placed inside, and 1.5 ml of 37% 150 hydrochloric acid was added to each beaker. The desiccator jar was closed, and the seeds were 151 sterilized by chlorine gas. Eppendorf tubes containing the sterile seeds was kept open in the 152 flow cabinet for 30 min and after that placed on a wet paper filter in a Petri dish. Petri dish was 153 sealed and wrapped in tin foil and kept at 4°C for 3-4 days. Seeds of lettuce (Lactuca sativa) 154 and tomato (Solanum lycopersicum L.) were surface-sterilized by soaking in 70% ethanol for 2 155 min, followed by soaking in 1% sodium hypochlorite solution for 20 min. After soaking, seeds 156 were rinsed three times in sterile demi-water. Plants were kept in climate cabinets at 21 °C; 180 9 the bacterial volatiles had an effect on plant growth, seedlings were exposed in vitro using the 169 three-compartment set-up described above. Seven-day-old Arabidopsis and three-day-old 170 lettuce seedlings were exposed for five and three days, respectively, and then transplanted to 171 soil. Plants were kept in plastic pots containing 130 g of potting soil with 40% moisture. A total 172 of 5-9 replicates were used per treatment. Arabidopsis shoot biomass, number of flower and 173 length of flower stem were determined 21 days after soil transplantation. Lettuce biomass was 174 determined 13 days after soil transplantation. Data were analyzed by Independent Samples t-175 test and One-way ANOVA with Tukey HSD test (P < 0.05).
176
To test the effects of synthetic sulfur volatile compounds, 2-compartment Petri dishes 177 ( 90 mm) were used ( Fig. 5A ). Five sterile Arabidopsis seeds were grown on one compartment 178 containing 0.5X MS medium supplemented with 0.5% sucrose. On the second compartment, 179 20 µl of the different dilutions (1nM, 100 nM, 1 µM, 100 µM, 1 mM and 100 mM) of the 180 synthetic compounds and of the mixture were applied to a sterile filter paper (1.5 x 1.5 cm).
181
These concentrations included those previously detected in the headspace of different bacteria Chromatography-Mass Spectrometry (GC-MS) and raw data was processed as previously described (Cordovez et al., 2015) . Hierarchical cluster analysis (HCA) using Pearson's 219 correlation coefficient with UPGMA algorithm was performed with GeneMaths XT Version 220 2.11 (Applied Maths, Belgium).
221
Based on the results of the plant growth-promotion assays, we decided to study the VOC Ltd., Llantrisant, UK) at 210 °C for 12 min (Helium flow 50 ml min −1 ) using 1:20 split ratio.
230
Released compounds were focused on a cold trap at -10 °C and introduced into the GC-QTF- Restek 13424-6850, Bellefonte, PA, USA) by heating the cold trap to 250 °C for 12 min.
234
Temperature program of the GC oven was: 39 ° C for 2 min, from 39° C to 95 ° C at 3.5 ° C 235 min −1 , from 95 ° C to 165 ° C at 6 ° C min −1 , 165 ° C to 250 ° C at 15 ° C min −1 and finally, 236 from 250 ° C to 300 ° C at 40 ° C min −1 and 20 min-hold at a constant gas flow of 1.2 ml min −1 .
237
Mass spectra were acquired by electron impact ionization (70 eV) with a scanning from m/z 238 30-400 with a scan rate of 4 scans s −1 .
239
Mass-spectra were analyzed with MassHunter Qualitative Analysis Software B.07.00 240 (Agilent Technologies, Santa Clara, USA) using the GC-Q-TOF qualitative analysis module.
241
VOCs were selected based on three criteria: peak intensity of at least 10 4 , P < 0.05 (t-test), and Plant transcriptome analysis 248 Total RNA was extracted from shoot and root tissue of Arabidopsis seedlings exposed for one 249 week to the volatiles, including organic and inorganic compounds, from Microbacterium strain 250 EC8. Seedlings exposed to TSA medium only were used as control. the growth of Arabidopsis seedlings in vitro with significant increases in shoot and root biomass 289 relative to the untreated control ( Fig. 1B,C) . In addition, differences in root architecture induced 290 by the eight Microbacterium strains were observed visually ( Fig. 1A) . With an increase of 230% 291 compared to roots from control plants, volatiles from Microbacterium sp. strain EC8 induced 292 the strongest increase in root biomass among the Microbacterium strains tested (Fig. 1C ).
Therefore, we decided to focus on this strain for its effects on growth of plant species other than 294 Arabidopsis and to unravel the mechanisms underlying plant growth promotion. Upon in vitro 295 exposure to the volatiles from EC8, lettuce seedlings showed an increase of 178% in shoot 296 biomass (t-test, P < 0.001), 253% in root biomass (t-test, P < 0.001) and 217% in lateral root 297 density (t-test, P < 0.001). Tomato seedlings showed an increase of 44% in shoot biomass (t-298 test, P < 0.001), 27% in root biomass (t-test, P = 0.038) and 54% in lateral root density (t-test, 299 P < 0.001) compared to control seedlings (exposed to agar medium only) ( Fig. 1D ,E,F,G).
300
These results indicate that EC8 induces stronger growth-promoting effects on Arabidopsis and 301 lettuce seedlings than on tomato seedlings.
303
Volatile-mediated priming for plant growth promotion 304 To test whether a relatively short exposure of Arabidopsis and lettuce seedlings to the bacterial 305 volatiles could prime plant growth and development, seedlings were exposed in vitro to the 306 volatiles from EC8 and then transplanted to soil without further exposure to the bacterial strain.
307
The results showed that volatile-exposure of 5 days for Arabidopsis or 4 days for lettuce 308 seedlings (instead of 12 and 7 days, respectively) already promoted the growth of seedlings 309 transplanted to and grown in soil for another 21 and 13 days, respectively. Arabidopsis plants 310 pre-exposed to volatiles from EC8 showed a significant increase of 35% in shoot biomass (Fig. 311 2A; t-test, P = 0.005). We also observed increases of 27% of the flower stem length (t-test, P = 312 0.058) and 51% more flowers (t-test, P = 0.057) ( Fig. 2B,C) . Lettuce plants showed a significant 313 12% increase in shoot biomass ( Fig. 2D ; t-test, P = 0.038).
315

Plant perception of volatiles from Microbacterium 316
Two different experimental approaches were used to test the effects of volatiles from strain EC8 317 on plants grown in soil. These set-ups allowed us to test an "open" system, minimizing accumulation of bacterial CO2 as in the sealed plate assay described above. In the first set-up, 319 plants grown in potting soil were exposed to volatiles from EC8 grown on an agar plate, both 320 kept inside a sterile closed container for one week allowing exposure of the plant shoots to the 321 bacterial volatiles (Fig. 3A) . Exposure to the volatiles from EC8 resulted in a 45% increase of 322 shoot biomass of Arabidopsis plants (Fig. 3B ; t-test, P = 0.002). However, no significant 323 increases in shoot biomass were observed for lettuce plants (Fig. 3C ; t-test, P = 0.336). In the 324 second experimental set-up, plant roots were exposed to volatiles from strain EC8 either 325 inoculated in a soil-sand mixture or inoculated onto agar medium. To expose only the roots to 326 the bacterial volatiles, we used two-compartment-pots separated by a membrane (Fig. 3D,G) .
327
The results showed that volatiles from EC8 inoculated into the soil-sand mixture promoted the 328 growth of Arabidopsis roots (Fig. 3E , t-test, P = 0.004) but not of lettuce (Fig. 3F , t-test, P = 329 0.694). Volatiles from EC8 grown on agar medium significantly enhanced the biomass of 330 Arabidopsis and lettuce shoots ( Fig. 3H,I; t-test, P = 0.001 and P = 0.004, respectively) and 331 roots ( Fig. 3H,I; t-test, P < 0.001 and P = 0.036, respectively). profile of their VOCs. Hierarchical cluster analysis showed that the VOC profiles of the eight 336 strains were diverse and different (Fig. 4A ). To study this diversity in more detail, headspace 337 VOCs of cultures of EC8 were collected for 6 days and analyzed by GC-QTOF-MS. A total of 338 18 VOCs were detected that were not found in the control (agar medium only) or were detected 339 with peak areas at least 2-fold larger and significantly different (t-test, P < 0.05) from the VOCs 340 in the control. The vast majority of VOCs that met these criteria were identified as sulfur-341 containing compounds (Fig. 4B) To determine if the sulfur VOCs detected for EC8 contribute to plant growth promotion, 346 dimethyl disulfide and dimethyl trisulfide were tested as single compounds and as a blend for 347 their effects on growth of Arabidopsis seedlings. Seedlings were exposed to 20 µl of the single 348 compounds at 6 different concentrations ranging from 1 nM to 100 mM, including 349 concentrations previously described for different bacteria (12, 44) . In addition, seedlings were 350 also exposed to the mixtures (1:1) of these compounds at concentrations of 100 nM, 100 µM 351 and 100 mM. The results showed that dimethyl disulfide had no effect on Arabidopsis shoot or 352 root biomass. In fact, a slight growth reduction was observed relative to the control (DCM 353 solvent alone) for plants exposed to 20 µl at 100 nM and 100 mM of dimethyl disulfide (Fig.   354 5). A reduction in shoot and root weight was also observed when seedlings were exposed to a 355 mix of the two sulfur compounds at 100 mM (Fig. 5D ). Plants exposed to dimethyl trisulfide at 356 concentration of 1 µM showed a significant increase in shoot weight (Fig. 5C ), whereas 357 negative effects on plant growth were observed at concentrations of 1 mM and higher.
359
Plant transcriptional changes induced by volatiles from Microbacterium strain EC8 360
To begin to understand the molecular mechanisms underlying volatile-mediated plant growth 361 promotion by EC8, RNAseq analysis was performed for Arabidopsis seedlings exposed for one 362 week to the bacterial volatiles. Genes of shoot and root tissues with an adjusted P < 0.05 and several processes related to sulfur metabolism including 'sulfate assimilation', 'sulfur 370 compound catabolic process', 'sulfur compound metabolic process' and 'S-adenosylmethionine 371 metabolic process' (Fig. 6A, Fig. S2 ). Down-regulated shoot DEGs were grouped into 13 372 functional clusters and included 'cellular carbohydrate metabolic process', 'regulation of post-373 embryonic development', 'plastid organization' and 'movement of cell or subcellular 374 component' (Fig. 6A, Fig. S2 ). GO terms associated with up-regulated DEGs in root tissue were 375 grouped into 31 functional clusters including 'nitrate assimilation', 'small molecule catabolic 376 process', 'jasmonic acid metabolic process', 'regulation of actin filament polymerization', 377 acetyl-CoA metabolic process' and 'response to oxidative stress' (Fig. 6B, Fig. S3 ). Down-378 regulated root DEGs were grouped into 6 functional clusters including 'anion transport',
379
'response to herbicide', 'transmembrane transport' and 'syncytium formation' (Fig. 6B, Fig.   380 S3).
381
A total of 20 genes involved in sulfur metabolism and transport were found to be 382 differentially expressed in shoot and root tissues upon exposure to volatiles from EC8 (Fig. 8 ).
383
DEGs involved in sulfur metabolism were mostly up-regulated in shoots, but down-regulated 384 in root tissue. Genes encoding for the S-adenosylmethionine synthases SAM-1 (AT1G02500.1) 385 and SAM-2 (AT4G01850.2), adenosylhomocysteinase MEE58 (AT4G13940.1) and SAHH2 386 (AT3G23810.1) were specifically up-regulated in shoot tissue, whereas genes encoding for the 387 21 disulfide did not promote plant growth, whereas exposure to dimethyl trisulfide affected plant 469 growth in a concentration-dependent manner. How this specific sulfur VOC from EC8 is 470 perceived by the plant roots and which signal-transduction pathways are induced leading to 471 growth promotion will be addressed in future studies.
472
Our-genome-wide transcriptome analyses further revealed that volatiles from EC8 NTR2.1, which showed a 14-fold up-regulation in Arabidopsis exposed to volatiles from EC8, 479 has been reported to be regulated by nitrate and to function as a negative regulator of lateral 480 root initiation under high sucrose and low nitrate condition, whereas NRT2.6 has been reported 481 to be involved in growth promotion of Arabidopsis by the rhizobacterium Phyllobacterium 482 brassicacearum STM196 (59, 60). The transporters NRT2.6 together with NRT2.5 were found 483 to be up-regulated in Arabidopsis leaves inoculated with the bacteria, suggesting that these 484 genes might be part of the regulation of the nitrogen control of root development (60). Among 485 the genes involved in sulfur metabolism and transport, different members of the glutathione S-486 transferases family (GSTs) were found to be differentially expressed in shoot and root tissue.
487
GSTs are ubiquitous in plants and have been suggested to be involved in herbicide 488 detoxification and stress response (49). However, little is known about their roles in normal 489 plant physiology, during biotic and abiotic stress response (50) and in bacteria-plant 490 interactions.
491
Previous studies have shown that microbial volatiles promote plant growth and alter 492 plant development by modulating auxin signaling and transport in the plant (11, 15, 53, 61) . Our results showed that exposure of Arabidopsis to volatiles from EC8 up-regulated, in both 494 shoot and root tissues, the expression of the auxin receptor TIR1. This receptor mediates the 495 degradation of Aux/IAA proteins and auxin-regulated transcription, and together with the SCF 496 ubiquitin ligase proteins, regulates root and hypocotyl growth, lateral root formation and cell 497 elongation (62). Here, we found an up-regulation of nitrilase 2 in roots exposed to volatiles 498 from EC8. However, we did not identify an enrichment of other auxin-related genes, suggesting 499 that EC8-mediated plant growth promotion may involve other mechanisms.
500
Coupling the results from the VOC profiling and the bioassays with the synthetic sulfur Phenotypic changes of Arabidopsis seedlings exposed to volatiles from eight Microbacterium 535 strains spot-inoculated on agar medium (10 µl at 10 9 cfu ml -1 ) or from the agar medium only 536 (ctrl). Pictures were taken 14 days after exposure. Biomass (mean ± SE, n = 4-5) of shoots (B) 537 and roots (C) of volatile-exposed and control seedlings. Different letters show statistically 538 significant differences (One-way ANOVA, Tukey HSD post-hoc Test, P < 0.05). (D) 539 Phenotypic changes of Arabidopsis, lettuce and tomato seedlings exposed to volatile 540 compounds from Microbacterium strains strain EC8 or from the agar medium only (control) 541 for 12, 7 and 10 days, respectively. Dry biomass (mean ± SE, n = 6-8) of shoots (E) and roots 542 (F) and lateral root density (number of lateral roots/length (cm) of primary root) (G) of 543 Arabidopsis, lettuce and tomato seedlings exposed to the volatiles from EC8. Control seedlings 544 are referred as 'ctrl' and were exposed to agar medium only; seedlings exposed to volatiles 545 from EC8 are referred as 'EC8'; asterisks indicate statistically significant differences between 546 volatile-exposed and control seedlings (Independent Samples t-test, P < 0.05). plants (mean ± SE, n = 4-5). Control plants are referred as 'ctrl' and were exposed to agar 552 medium only; seedlings exposed to volatiles from EC8 are referred as 'EC8'. Statistically plants are referred as 'ctrl' and were exposed to agar medium or soil only; plants exposed to 565 volatiles from EC8 are referred as 'EC8'; asterisks indicate a statistically significant difference 566 between volatile-exposed and control seedlings; ns indicates no statistical differences 567 (Independent Samples t-test, P < 0.05). and metabolism of Arabidopsis seedlings exposed to volatiles from Microbacterium strain 601 EC8. One-week-old seedlings were exposed to the bacterial volatiles for one week. Shoot
602
DEGs are shown in blue and root DEGs are shown in green. Fold change (FC) was calculated 603 using the log2FC (volatile-exposed seedlings/control). 
